Abstract Immunoglobulin Kappa light chain gene (IGK) rearrangements are important complementary PCR targets for clonality assessment in mature B-cell proliferations in which detection of clonal V H -J H gene rearrangements fails. Failure to amplify V H -J H rearrangements is mainly attributable to somatic hypermutation. Detection of clonal IGK rearrangements is most relevant in the diagnosis of germinal center (GC) and post-GC B-cell lymphomas that are under a heavy somatic mutation process. Here we present three cases in which histology and immunophenotype of the tissue samples at time of diagnosis were inconclusive. PCR-based B-cell clonality assessment was performed using the standardized BIOMED-2 multiplex PCR protocols and Genescan analysis. No clonal V H -J H rearrangements were observed. Detection of a clonal IGK product in each of the three suspected cases supported the clonal origin of the B-cell proliferations. Interestingly, only rearrangements involving the Kde element were detected. Based in the clonal IGK-PCR result, a definitive diagnosis of follicular lymphoma (case 1 and 3) and extranodal marginal zone lymphoma (case 2) was established.
Introduction
Analysis of immunoglobulin (Ig) gene rearrangements is a powerful tool to assess clonality in suspected B-cell proliferations, for which histological and immunophenotypic analysis is inconclusive. Since all cells from a B-cell malignancy derive from a single neoplastic transformed cell, they harbor the same Ig gene rearrangement pattern. Detection of this clonal pattern by polymerase chain reaction (PCR) amplification is a routine molecular methodology used in diagnostic hemathology.
Immunoglobulin heavy chain gene (IGH) rearrangements have been the most frequently used PCR targets in clonality assessment of mature B-cell proliferations at time of diagnosis [1] [2] [3] [4] . However, false negative results do occur at a frequency that is mostly dependent on the IGH-PCR strategy and the lymphoma type and is related to the degree of somatic hypermutation (SHM) [5, 6] . SHM occurs in germinal center (GC) cells on the secondary lymphoid organs when the Ig on the B-cell membrane engages antigen. During this process, single-nucleotide mutations and to a less extent, insertions, or deletions of nucleotides, can occur in the entire VDJ exon of the IGH genes. These mutations alter V H and J H germinal sequences and can prevent primer annealing. Since the majority of the B-cell lymphomas arise from GC and post-GC cells they are somatically mutated and this is probably the main reason for the false negative IGH-PCR results observed in these types of lymphomas.
Incorporating alternative targets, such as the immunoglobulin Kappa light chain gene (IGK) segments, has been shown to improve clonality detection rates in mature B-cell malignancies that are heavily somatically mutated [7] [8] [9] [10] . In principle, all mature B-cell malignancies will have rearranged their IGK genes. Rearrangements of the IGK genes start early during B-cell differentiation, soon after IGH genes, and follow a hierarchical order. A functional IGK rearrangement will generate an IgK+ B cell. Alternatively, inactivation of the IGK allele can take place through recombination of the kappa-deleting element (Kde) followed by rearrangement of the immunoglobulin lambda light chain (IGL) gene and giving rise to an IgL+ B lymphocyte. Accordingly, all IgK+ B-cell lymphomas should possess a clonal V K -J K rearrangement and in the vast majority of the IgL+ B-cell malignancies at least one clonal Kde rearrangement should be detected [11, 12] .
Early PCR studies detecting IGK rearrangements in mature B-cell proliferations have evaluated mainly functional V K -J K rearrangements and, to a less extent, rearrangements involving de Kde segment [10, 13] . Multiplex primers and PCR protocols to detect IGK rearrangements were standardized during the BIOMED-2 Concerted Action CT98-3936 [14] and a guideline for efficient clonality testing in suspected B-cell neoplasms, with an inconclusive diagnosis or unusual histology or immunophenotype, was proposed [15] . Here we demonstrate how PCR analysis of IGK rearrangements contributes to confirm the presence of clonality in three illustrative cases where histology and immunophenotype did not allow the establishment of a definitive diagnosis and IGH-PCR amplification failed.
Pathology review and molecular analysis of three illustrative cases
Case 1
Case 1 concerns a lymph node (LN) from a patient with suspected non-Hodgkin lymphoma (NHL). After hematoxilin-eosin staining the histology of the LN showed a follicular pattern (Fig. 1) . The follicles were small and atrophic, populated mainly by large cells. There was enlargement of the interfollicular region mainly due to the presence of a polymorphic population composed by few large B-cells, plasma cells, and small T cells. There were very few CD10+ cells in the germinal centers and none outside. BCL-6 was negative, BCL-2 staining was negative in the germinal centers, and Kappa and Lambda staining were inconclusive. There were no detectable BCL-2 rearrangements after FISH analysis (BCL-2 FISH DNA Probe, Split Signal, DAKO Denmark A/S, DK) in the tissue slides. Since a morphological diagnosis was not clear and there were no phenotypic aberrations, PCR-based clonality analysis of Ig gene rearrangements was conducted. The estimated percentage of tumor cell content in morphological analysis was greater than 80%.
For molecular analysis, DNA was extracted from the formalin fixed paraffin-embedded (FFPE) tissue using a proteinase K treatment and ethanol precipitation standard method. Quality of the sample DNA was assessed using the BIOMED-2 control gene primer set [14] and showed amplification of at least 300 base pairs (bp) amplicons. Two DNA quantities were used for PCR clonality analysis, namely 100 and 250 ng. The clonality profile of this patient is presented in Fig. 2 . IGH V H -J H amplification showed neither clonal nor polyclonal signals in the FR1, FR2, and FR3 PCR tubes.
IGH-PCR failure should be interpreted carefully, mainly when FFPE DNA is used, as in the present analysis. Absence of both clonal and polyclonal V H -J H rearrangements was not expected since the estimated percentage of suspect B cells was 80%, far above the analytical sensitivity of this PCR approach [14] . Also, a similar negative result was obtained using either 100 or 250 ng of DNA, precluding the presence of PCR inhibitors resulting from the DNA extraction procedure. Insufficient DNA quality could be the potential source of this false negative result. However, PCR assessment of the DNA quality resulted in amplicons of up to 300 bp. This implies mild fragmentation of the DNA and potential lack of amplification of clonal rearrangements larger than 300 bp. The expected size range of the BIOMED-2 V H -J H PCR products varies between 100-170, 250-295, and 310-360 bp for FR3, FR2, and FR1, respectively. Thus, at least FR2 and FR3 fragments should have been amplified.
A polyclonal pattern was seen in tube IGK-A but two clonal peaks, of 283 and 381 bp each, were obtained in tube IGK-B, supporting the clonal nature of the B-cell lymphoproliferation (Fig. 2) . The second peak of 381 bp obtained in both IGK-B replicates is faint in contrast to the 283 bp, probably due to degradation of the purified DNA. Thus, the presence of a clonal IGK pattern, together with the suspicious morphology and in the absence of phenotypic aberrations, contributed to establish the diagnosis of follicular lymphoma (FL).
Case 2
Case 2 concerns a patient with a skin lesion in the nasal region. Histological examination suggested a low grade Bcell lymphoma (Fig. 3) . A polymorphous CD20+, CD10−, CD23−, CD5−, and CD3− population was observed. Kappa and Lambda staining failed to show a monotypic population. To discriminate between a reactive condition and a clonal B-cell proliferation, molecular analysis of Ig gene rearrangements was performed. The estimated percentage of B cells was 50% of which most were suspected of being malignant.
DNA was extracted from the snap-frozen tissue of the same lesion using Gentra Puregene Cell and Tissue kit (QIAGEN, Maryland, USA). Isolated DNA showed amplification up to 600 bp of the BIOMED-2 control gene PCR. Each PCR reaction was done in duplicate, with 100 ng of input DNA. The Ig Genescan profiles of this patient are presented in Fig. 4 . IGH V H -J H amplification gave clear polyclonal signals in FR1, FR2, and FR3 tubes, suggesting the presence of a polyclonal B-cell proliferation. However, a clear clonal 238 bp peak was obtained in IGK-B tube, supporting the clonal nature of the skin lesion. Interestingly, there were no detectable clonal V K -J K gene rearrangements. In this case, with an unusual histological pattern and no phenotypical alterations, the presence of a clonal Kde rearrangement contributed to the diagnosis of extranodal marginal zone lymphoma (MZL).
Case 3
In case 3, a cervical lymph node was obtained from a patient with suspected lymphoma. The histology of the biopsy showed intrasinusoidal infiltration by predominantly small lymphoma cells (Fig. 5) . The suspected cells were CD20+, Pax-5+, CD10+, BCL-6+, BCL-2+, CD5−, and CD30− by immunostaining, suggesting follicular lymphoma with intrasinusoidal infiltration. However, the percentage of suspected cells was no greater than 15%. In order to demonstrate their clonal origin, Ig gene rearrangement analysis was performed.
DNA was extracted from the snap frozen biopsy using EZ1 DNA Tissue Kit (QIAGEN). The control gene PCR showed faint amplification of the 300 bp amplicon suggesting poor preservation of the purified DNA. Clonality of the suspected B-cell proliferation was supported by the presence (Fig. 6) . Polyclonal patterns were obtained in IGH tubes A-C, being more prominent in FR1 and FR3 than FR2 amplifications and suggesting the presence of reactive B cells. Again, no clonal V K -J K rearrangements could be detected (Fig. 6) . In this case, with an aberrant histology but with no phenotypical evidence of clonality, the diagnosis of FL was supported by the presence of a clonal Kde pattern. 
Discussion

False negative IGH-PCR results
PCR-based IGH analysis failed to demonstrate clonality in the three cases presented above. In the first case, no specific IGH-PCR amplification products were obtained at all. In case 2 and 3, only polyclonal V H -J H rearrangements were seen in the three IGH-PCR tubes due to the presence of reactive polyclonal B cells. Failure in detecting clonal V H -J H rearrangements in mature B-cell lymphomas is mainly attributable to the presence of somatic hypermutation [14] . In the two types of lymphoma presented above, FL and extranodal MZL, the IGH genes are expected to be highly mutaded, according to their origin in GC and/or post-GC cells. Moreover, in FL ongoing somatic mutations are known to occur. Thus, failure to detect V H -J H rearrangements in the three analyzed cases was not totally unexpected.
Higher false negative V H -J H PCR results have been reported in disease categories traditionally associated with high levels of SHM such as diffuse large B-cell lymphomas (DLBCL), MZL, and FL [9, 16, 17] . During the germinal center reaction, SHM targets the entire rearranged VDJ exon of the IGH gene but its activity is greatest in and around the CDR3 [18] . Accordingly, all FRs are affected but the FR3 is the most vulnerable region involved in the mutation process. In these types of lymphomas, PCR strategies focusing on FR1 and FR2 sequences result in higher clonality detection rates than on FR3 sequences [1, 6, 9, 16] . Additionally, SHM or excessive exonucleolytic activity can also target the FR4 region, located on the J H segment. This would impair annealing of the J H consensus primer and there would be no amplification with FR1, FR2 and FR3 IGH-PCR tubes [14] . Most probably, this was the cause for the negative results obtained in case 2 and 3.
On going from FR3 to FR2 and FR1, the size of the obtained PCR fragments increase. This is not a limitation when testing DNA obtained from fresh/frozen tissues. However, when analyzing poor quality DNA, the FR1-PCR may not be informative, in particular if the control gene PCR is smaller than ∼300 bp [14, 19] . This was probably the reason why no IGH amplification was obtained in case 1, a highly mutated FL. When analyzing DNA obtained from FFPE mutated lymphomas, the smaller FR2 and FR3 amplicons, being more prone to mutations, are usually less informative. This discrepancy is more evident in GC and post-GC lymphomas where overall V H -J H detection rates are inferior to those obtained in pre-GC lymphomas [14, 17, 20, 21] . Importantly, amplification of FR3, FR2, and FR1 can fail [19, 21] despite amplification of ∼300 bp control gene PCR.
IGH false negative results in mature B-cell malignancies can be explained by other reasons. The use of FR1, FR2, and FR3 multiplex PCR primers does not detect incomplete D H -J H rearrangements. Incomplete IGH rearrangements are rarely seen as an isolated clonal marker in highly mutated lymphomas [9] . However, they can still be informative in the presence of SHM [22] , when both V H -J H and IGK-PCR fail [15] .
Another explanation for IGH-PCR failure is the presence of chromosomal translocations that impair one allele from annealing to the PCR primers [23] .
Chromosomal translocations are present in many GC and post-GC lymphomas such as the t(14;18), which is characteristic of FL. This explanation cannot be accounted for in case 1 since no BCL-2 rearrangements were detected by FISH. In case 3, detection of the t(14;18) was not carried on, so the presence of this rearrangement, rendering one allele unsuitable for amplification, cannot be excluded.
Finally, unexpected IGH rearrangements of smaller or larger size can also occur in mutated lymphomas due to large deletions in V H segments or annealing of the JHc primer to a downstream J H segment, respectively [24, 25] . If misinterpreted, these rearrangements can escape detection in routine clonality analysis and contribute to false negative clonality results. 
Added value of IGK-PCR analysis
In the three suspected lymphoproliferations studied, IGK-PCR was able to detect clonality whereas IGH-PCR analysis failed. In total, five clonal IGK rearrangements were amplified: two Kde rearrangements in case 1 and 3, and one Kde rearrangement in case 2.
The multiplex IGK-PCR strategy used [14] detects both V K -J K and rearrangements involving the Kde
IGH-B: FR2
IGH-C: FR1 element. This Kde element can rearrange with either a V K segment or an intronic recombination signal sequence (intron-RSS) lying between the J K and C K segments. Thus, in the same allele a V K -J K and a Kde rearrangement can be detected. This results in four amplifiable IGK rearrangements per cell [14] contrasting to the only two amplifiable V H -J H rearrangements. In the three analyzed B-cell proliferations, the potential amplification of rearrangements involving the Kde element largely contributed to demonstrate their clonal origin. Interestingly, in case 1, as well as in case 3, the presence of a biallelic clonal Kde rearrangement strongly suggests the expression of an IgL chain. Importantly, all clonal PCR products were obtained in duplicate PCR reactions, confirming the presence of true clonal rearrangements [9] . In agreement to these findings, the estimated percentage of malignant lymphocytes in each case (80%, 50%, and 15% in case 1, 2, and 3, respectively) was above the detection limit of the used IGK-PCR strategy [14] precluding amplification of restricted Ig gene rearrangements and pseudoclonality. Pseudoclonality or false positivity is more frequent in tissue samples in which there are few lymphocytes [23] . Thus, the estimated number of suspected and normal (reactive) lymphocytes in the tissue sample should always be taken into account for a correct interpretation of the PCR results. Detection of IGK rearrangements has been highlighted in clonality assessment of GC and post-GC lymphomas [9, 16, 21] . In these highly mutated lymphomas, IGK-PCR can support the clonal origin of the B-cell proliferation when IGH-PCR fails [8, 10, [26] [27] [28] . In fact, functional V K -J K rearrangements are less prone to somatic hypermutation than IGH rearrangements [29, 30] and thus, more suitable to be amplified in somatically mutated lymphomas. Moreover, inactivating Kde rearrangements, due to deletion of the intronic J K -C K region, remove the IGK enhancer, which is essential for the somatic hypermutation process to occur. Accordingly, Kde rearrangements are always unmutated [14] and easily amplified. Interestingly, in the three cases presented above, rearrangements involving the Kde segment were the only type of clonal IGK rearrangements detected. This is in agreement with the expected heavily mutated status of the IG genes in FL and extra MZL. Thus, rearrangements involving a non-mutated Kde segment were preferentially amplified.
The added value of IGK-PCR in FFPE GC and post-GC lymphomas has been reported by a number of studies [7, 13, 21, 31] . Some studies do report an even higher sensitivity for IGK assays comparing to IGH-PCR, in FFPE tissues [17, 32] . The majority of IGK-PCR amplicons is smaller than IGH-FR1 PCR products and thus is more appropriate for poor quality DNA. In particularly, the small product size of the most frequently amplified V K gene family, V K f1, (∼150 bp in tube A and ∼250 bp in tube B) facilitates amplification. In case 1, due to the poor quality of DNA, successful amplification of IGK rearrangements, in contrast to V H -J H rearrangements, was not unexpected. Interestingly, also in case 1, a faint PCR amplicon of 381 bp (Fig. 2) was detected although the c IGK-B: Kde rearrangements control gene PCR was smaller than 300 bp. This fragment of 381 bp corresponds to a Kde rearrangement with either a V K fII/V K 4 or V K 5 segment [14] and in combination with the 283 amplicon contributes to confirm clonality.
General conclusion
In the three clinically suspected cases described above, histology and immunophenotype of the biopsy tissues were not conclusive. In order to establish a final diagnosis clonality was assessed using IGH-and IGK-PCR. PCR detection of clonal Kde rearrangements in all cases supported the diagnosis of follicular lymphoma (case 1 and 3) and extranodal marginal zone lymphoma (case 2). In case 1, a subsequent biopsy revealed a FL grade 3b. The three cases presented illustrate the utility of analyzing IGK gene rearrangements in pathology specimens in which there is a strong clinical and histological suspicion of malignant lymphoma but with no detectable clonal IGH rearrangements. PCR amplification of IGK rearrangements has been found particularly useful in clonality assessment of lymphoproliferative disorders that arise from GC and post-GC cells such as MZL, FL, and DLBCL, in contrast to pre-GC lymphomas. However, not all LN or other biopsy tissues have diagnostic problems, with the percentage of cases in which PCR is performed being dependent on the experience of the hematopathology laboratory. Importantly, clonality assessment based on PCR also depends on the availability of appropriate archival material. In FFPE DNA samples, IGK PCR is probably more informative than IGH amplification mainly when highly mutated lymphomas such as FL are analyzed.
Obtaining a clonal IGK-PCR result in the absence of an IGH amplification supports the clonal origin of suspected B-cell proliferations. However, molecular data interpreted in isolation can be misleading. False-negative PCR results can occur. Moreover, presence of clonal PCR results does not always imply malignancy, and false positivity can happen. To avoid misinterpretation of molecular data, technical and immunological pitfalls should be carefully evaluated between the pathologist and the molecular biologist. Establishment of a definite diagnosis should only be accomplished after integration of molecular results with histological and immunophenotypical data.
